The synaptic vesicle protein synaptobrevin engages with syntaxin and SNAP-25 to form the SNARE complex, which drives membrane fusion in neuronal exocytosis. In the SNARE complex, the SNARE motif of synaptobrevin forms a 55-residue helix, but it has been assumed to be mostly unstructured in its prefusion form. NMR data for full-length synaptobrevin in dodecylphosphocholine micelles reveals two transient helical segments flanked by natively disordered regions and a third more stable helix. Transient helix I comprises the most Nterminal part of the SNARE motif, transient helix II extends the SNARE motif into the juxtamembrane region, and the more stable helix III is the transmembrane domain. These helices may have important consequences for SNARE complex folding and fusion: helix I likely forms a nucleation site, the C-terminal disordered SNARE motif may act as a folding arrest signal, and helix II likely couples SNARE complex folding and fusion.
The synaptic vesicle protein synaptobrevin engages with syntaxin and SNAP-25 to form the SNARE complex, which drives membrane fusion in neuronal exocytosis. In the SNARE complex, the SNARE motif of synaptobrevin forms a 55-residue helix, but it has been assumed to be mostly unstructured in its prefusion form. NMR data for full-length synaptobrevin in dodecylphosphocholine micelles reveals two transient helical segments flanked by natively disordered regions and a third more stable helix. Transient helix I comprises the most Nterminal part of the SNARE motif, transient helix II extends the SNARE motif into the juxtamembrane region, and the more stable helix III is the transmembrane domain. These helices may have important consequences for SNARE complex folding and fusion: helix I likely forms a nucleation site, the C-terminal disordered SNARE motif may act as a folding arrest signal, and helix II likely couples SNARE complex folding and fusion.
structure ͉ dynamics ͉ membrane fusion ͉ SNARE proteins ͉ NMR S ynaptic release of neurotransmitter requires the docking and fusion of synaptic vesicles at the presynaptic membrane. The fusion reaction is thought to be mediated by the formation of the SNARE complex from its components syntaxin-1a and SNAP-25 in the target membrane and synaptobrevin-2 (Syb) in the vesicle membrane (1) . These three proteins together form a complex that consists of a thermally very stable coiled-coil four-helix bundle, as revealed by the crystal structure of the soluble SNARE core complex (2) . SNAP-25 contributes two helices to this complex and syntaxin and synaptobrevin each contribute one. More recently, the structure of the postfusion cis-SNARE complex with its C-terminal transmembrane (TM) domain extensions was solved at 3.4 Å resolution (3) . Most interestingly, the helices continue through the juxtamembrane linker region and into the membrane, suggesting that force could be transmitted through this region into the membrane leading to membrane bending and eventually membrane fusion. This interesting finding immediately raises the question: how exactly is the assembly and folding of the four-helix bundle coupled into the membrane and how does the energy derived from this reaction ultimately fuse two different membranes into one? A common notion is that an initial trans-SNARE complex forms by pairing vesicle and target membrane SNAREs from their Nterminal ends and progressively folds in a zipper-like fashion toward the C-terminal TM domains. This reaction is thought to pull the two membranes into closer contact until, at some stage they merge into a single membrane. However, structural data on a trans-SNARE complex do not yet exist. It is also not yet known whether zipperfolding of trans-SNARE complexes progresses smoothly and continuously into the membrane or whether this reaction is discontinuous and segmented in some fashion.
To understand how the SNARE complex is formed and to find possible reaction intermediates, several structural studies of SNARE proteins in isolation or in binary complexes have been performed. The soluble domains of neuronal Syb (residues 1-96) (4, 5) and its yeast homolog Snc1 (6) have been found by CD and NMR spectroscopy to be mostly unstructured in aqueous solution. The TM domain of Syb was polymorphic and showed different degrees of ␣-helical and ␤-sheet secondary structures depending on environmental conditions when modeled as a short peptide comprising Syb residues 97-112 and analyzed by FTIR and CD spectroscopy (7) . A more recent FTIR and CD study of the full-length Syb concluded that the TM domain is an ␣-helix that is inclined 30-40°from the membrane normal and that the entire cytoplasmic domain is natively disordered (8) . The cytoplasmic domain of Syb(1-116) was also found to be disordered when analyzed by site-directed spin label EPR spectroscopy (9) . NMR, CD, and EPR studies showed that Syb assumes more structure when complexed with soluble syntaxin fragments (4, 5, 9) .
To elucidate structural features of full-length synaptobrevin in the presence of a membrane-mimetic environment, we have used solution NMR spectroscopy to study the structure and dynamics of Syb(1-116) in lipid micelles. The results indicate helical propensities not only in the TM domain but also in regions at the beginning and end of the SNARE motif, which likely serve, respectively, as a nucleation site for SNARE complex formation and as an element to couple SNARE complex folding with fusion. remained only partially assigned (C␣ and C␤ assignments complete). We also studied the shorter membrane-bound fragment Syb(60-116), which was independently completely assigned from triple-resonance experiments (Fig. S1 ). The chemical shifts of Syb(60-116) were very similar to those of the corresponding residues in Syb(1-116), except for residues 60-63, which are internal in full-length Syb, but form the N terminus of the fragment.
The C␣ and C␤ chemical shifts were used to estimate elements of secondary structure of Syb . Fig. 2A shows three-residue averaged (⌬C␣-⌬C␤) secondary chemical shifts plotted as a function of amino acid sequence number. The pattern in Fig. 2 A clearly indicates that there are three regions that likely form ␣-helices: residues 36-54 (helix I), 77-88 (helix II), and 93-115 (helix III). Helix I covers a good portion of the N-terminal half of the SNARE motif, which encompasses residues 28-84. Helix II covers the C-terminal end of the SNARE motif, but extends about one turn longer into the juxtamembrane domain. Helix III corresponds to the TM domain.
Comparison with the Soluble Fragment Syb(1-96
). An earlier NMR study of human Syb(1-96) indicated that this soluble fragment is unstructured, except for perhaps a hint of some helical structure near the C terminus (5). We prepared the same fragment of rat synaptobrevin and essentially reproduced the earlier data (Fig. 2C) . The HSQC spectrum of Syb(1-96) in buffer revealed almost uniform peak intensities and linewidths (Fig. S2 ). All resonances were assigned from triple-resonance experiments. Except for a few residues around the single amino acid substitution from the human to the rat sequence (Ala-8 becomes a Val), the chemical shifts of the human and rat datasets are in excellent agreement.
When the same fragment was measured in the presence of DPC micelles, the NMR spectra changed dramatically. Many resonances disappeared in the HSQC spectrum at 18°C, but gradually reappeared at higher temperatures. This process was fully reversible. A representative fully assigned (from tripleresonance backbone experiments) HSQC spectrum collected at 45°C is shown in Fig. S3 . As with Syb(1-116), peak intensities and linewidths varied, indicative of different rotational correlation times for different residues. The secondary chemical shift plot (Fig. 2B) indicates a significant induction of secondary structure by the presence of DPC micelles. The remarkable resemblance of secondary chemical shifts between Syb(1-116) and Syb in DPC shows that the structure of the soluble domain of Syb is very similar in DPC micelles, irrespective of whether it is anchored in micelles with a TM domain or not. (Fig. 3B) . The average values were 0.54, 0.51, and 0.78 for residues comprising helices I, II, and III, respectively. According to these data, the TM region is the most rigid of these segments. Helices I and II are more flexible, although they are clearly not as dynamic as the rest of protein. Based on the negative heteronuclear NOEs, the proline-rich N terminus is particularly dynamic.
These conclusions are further supported by NMR relaxation experiments. Backbone 15 N spin-lattice ( Fig. 3C ) and spin-spin (Fig. 3D) R 1 values of helices I and III indicate that these helices experience long rotational correlation times meaning that they likely rotate together with the micelle, whereas helix II has a shorter correlation time, and therefore moves more independently. The relatively high R 2 rate coupled with a lack of reduction of the R 1 rate of helix II also indicates that this helix may undergo conformational exchange on the s-ms time-scale (11) . To further probe the conformational stability of the three helical segments of Syb(1-116), we measured amide hydrogen-exchange with water by performing a CLEANEX-PM experiment (12) . Fig.  3E shows residues that exhibit hydrogen-exchange within 10 ms with an assigned value of ϩ1 and residues that do not exchange after 80 ms with an assigned value of Ϫ1. Evidently, helices I and III are quite stable on this time-scale, whereas helix II and the juxtamembrane domain are solvent accessible, as is the rest of the protein.
Hydropathy and Helical Wheel Analysis. A hydropathy and hydrophobic moment analysis (13) of the synaptobrevin sequence reveals that, as expected, the TM domain shows up as the most hydrophobic part and that a highly amphipathic helical region is centered on residue 44 (14) (Fig. S4a) . If this region is modeled on a helical wheel, it is clear that one face of the helix is quite hydrophobic and the other face is hydrophilic and highly charged (Fig. S4b) . Consistent with a micelle-induced formation of a stable ␣-helix in the N-terminal, but not in the C-terminal half of the SNARE motif, the hydrophobic moment and hydropathy profiles for the SNARE domain (residues 28-85) indicate that the C-terminal half of the domain is less amphipathic and more hydrophilic than the Nterminal half.
Structure of Synaptobrevin in DPC Micelle. One hundred structures of Syb(1-116) in DPC micelles were calculated from TALOSderived dihedral angle, NOE-derived distance, and hydrogen-bond restraints as described in SI Experimental Procedures. The 20 lowest energy structures were analyzed and the structural statistics are summarized in Table S1 . As expected from the described chemical shift and dynamical data, the structure of synaptobrevin is characterized by three helices connected by two flexible natively disordered domains and a highly flexible proline-rich N-terminal tail (Fig. 4) . The TM helix (helix III) comprising residues 93-115 is a couple of residues longer at the N terminus than what might be expected from simple hydropathy analysis. It is slightly bent with about six helical turns that align very well in all structures ( Fig. 4D ) (backbone rmsd of 0.62 Ϯ 0.18 Å). Not surprisingly, the interfacial residues Leu-93, Lys-94, Ser-115, and Thr-116 are a little less well ordered compared to the rest of the helix.
The next most prominent helix is the amphipathic helix I that In (E), the residues undergoing fast (Ͻ10 ms) exchange are given a value of ϩ1, and the residues undergoing slow (Ͼ80 ms) or no exchange are given a value of Ϫ1.
spans residues 36-54, with a backbone rmsd of 1.03 Ϯ 0.29 Å (Fig.  4B ). Helix II, which comprises the end of the SNARE motif and leads into the juxtamembrane domain, i.e., residues 77-88, is well defined ( It is interesting to note that helices II and III are connected by only four residues, namely Trp-89, Trp-90, Lys-91, and Asn-92, which apparently form a flexible hinge at the micelle surface, and by inference, at the membrane-water interface. This hinge allows helix II to emanate from the micelle or membrane surface in many different directions as is evident from Fig. 4A .
Most of the C-terminal half of the SNARE motif (i.e., residues 55-76) is natively disordered. Even though the N-terminal half of the SNARE motif (helix I) interacts with the micelle and presumably the membrane surface and, therefore, has to bend back toward an interface, this helix samples many different orientations relative to the TM domain owing to the flexible nature of the C-terminal portion of the SNARE motif. Fig. 5 shows a ribbon diagram of the lowest energy structure of Syb(1-116) in DPC micelles. One can position this structure so that the amphipathic helix I lies at a membrane interface, helix III is on the hydrophobic side of the interface and rest of the molecule is almost completely on the hydrophilic side of the interface, as shown in Fig. 5 . Not all structures in the structural ensemble can be positioned in this way. Due to the flexible nature of the molecule and the lack of long-range structural restraints many structures have their amphipathic helices projected into different directions relative to a hypothetical membrane plane. Since our data were collected in DPC micelles at a protein:lipid ratio of 1:200 and since a typical DPC micelle contains Ϸ40-80 lipid molecules (15), our sample contains an approximate 3-to 5-fold molar excess of micelles over protein, potentially allowing one protein to interact with more than one micelle that may not assume fixed spatial orientations relative to one another. We have attempted to measure residual dipolar couplings in several different aligning media, but were unsuccessful to prepare appropriate samples. However, even if such experiments had been successful, we suspect that the distribution of relative orientations of the helices of synatpobrevin would still be very broad due to the dynamic nature of the intervening unstructured regions.
Discussion
The structure of full-length synaptobrevin-2 in DPC micelles is segmented, dynamical, and characterized by varied structural and motional properties along the sequence. Previously, structures of postfusion cis-SNARE complexes comprising all three synaptic SNARE proteins or structural studies on only the soluble fragments of individual SNARE proteins have been completed (2, 3, 5, 6, 16, 17) . Although based on earlier NMR studies, it was expected that the cytoplasmic domain of membrane-bound synaptobrevin would be natively disordered, we found that lipid-bound synaptobrevin contains substantial structure not only in its TM domain, but also in its SNARE motif and juxtamembrane domains even before it engages with other SNAREs to form the fusion complex. We have used the chemical shift-based secondary structure propensity method (18) to estimate fractional helical populations and find average values of 0.73 Ϯ 0.18, 0.65 Ϯ 0.18, and 1.2 Ϯ 0.2 for helices I, II, and III, respectively (a value of 1 indicates a fully formed stable ␣-helix and a value of 0.5 means that 50% of the ensemble is ␣-helical). The high value for helix III is likely due to the fact that the chemical shift database used in this method is almost completely from soluble proteins and, therefore may not be appropriate for helix III. The lower values for helices I and II indicate that their conformational ensembles are predominantly helical, but that they also contain substantial unstructured fractions.
Although a previous CD and FTIR study of membrane-bound synaptobrevin emphasized the unstructured nature of its soluble domain, experiments with a shorter fragment comprising residues 74-116 is consistent with our results (8) . The authors found approximately 27 residues of this fragment to be helical, which is clearly more than required for the transmembrane domain and within experimental error similar to the sum of our helices II and III, especially taking into account that helix II may not be formed all of the time. The previous EPR study on full-length synaptobrevin did not indicate helical residues in the SNARE motif (9) , but the data could also be interpreted as forming a transient helix in this region. In fact, their spectra are very similar to EPR spectra of transient helical regions in the GCN4 coiled coil transcriptional activator (19) and in linker segments of rhodopsin (20) . Similarly, residues 84-88 clearly show a helical period, but residues 89-92 do not, although the authors interpreted the data as a continuous interfacial helix in this region. In summary, we think that the CD data for synaptobrevin in micelles (8) and the raw EPR data for synaptobrevin in bilayers (9) are completely consistent with the current NMR data for synaptobrevin in DPC micelles and the interpretation in terms of the transient helices I and II as indicated in Figs. 4 and 5 .
Interestingly, the N-terminal half of the SNARE motif of synaptobrevin is structured as an amphipathic helix when associated with membrane-mimicking micellar lipids, but the C-terminal half of the SNARE motif remains natively disordered even in the presence of lipids. The N-terminal SNARE motif helix is induced by the presence of the lipid micelle because it is unstructured in the absence of lipids, confirming previous results (5, 6) . Since synaptobrevin in synaptic vesicles is always near a membrane interface, the N-terminal SNARE motif helix observed here may also be present in its natural physiological environment. The hydrophobic face of helix I consists of the same residues which form the coiled coil heptad repeat and face the interior of the SNARE complex (2, 3) . The existence of helix I (and II) is not an artifact of the high DPC concentration used in these experiments because experiments at a 40-fold lower concentration essentially produced the same result (Fig. S5) . Similarly, adding 12% of the negatively charged detergent SDS to mimic negatively charged lipids in the synaptic membranes did not alter our results either (Fig. S5) . A second important structural feature is a nascent ␣-helix at the transition from the SNARE motif to the 10-residue juxtamembrane domain (residues 85-94) that links the SNARE motif (residues 28-84) with the TM domain (residues 95-116). Even before forming a complex with cognate SNAREs, this segment adopts a helical structure in its DPC-bound prefusion form. Residues 77-88 form a helix that extends four more residues from layer ϩ8 of the SNARE motif into the juxtamembrane domain. Similarly, the TM domain is Nterminally two residues longer than what might be expected from hydropathy analysis and includes Lys-94 whose charged side chain likely snorkels up to the micelle and membrane surface. This leaves only residues Trp-89-Asn-92 as an unstructured linker between the extended SNARE motif and TM domains.
Although a DPC micelle is not a lipid bilayer, DPC still has the same zwitterionic phosphocholine headgroup as the major membrane phospholipid phosphatidylcholine. Therefore, it is generally considered a mild detergent that largely preserves native structures of membrane proteins. Indeed, DPC is a preferred lipid for determining structures of membrane proteins by solution NMR (21) (22) (23) (24) (25) . However, and despite the earlier NMR successes with DPC, caution is still advised when extrapolating some aspects of our synaptobrevin structure to situations in lipid bilayers. Although we believe that the general conclusions of the current work also carry over to lipid bilayers, there may be details especially in the interfacial juxtmembrane region of the protein that may not be exactly the same in the two environments. Future studies using additional methods will be needed to substantiate or refute some of these details.
The dynamics experiments shed further light on the conformational flexibility of different regions of the synaptobrevin structure. The TM helix is clearly the most rigid and stable of all three helical segments. Based on its inability to undergo amide hydrogenexchange, the association of this helix with lipid micelles is strong. Helices I and II exhibit different dynamical behaviors. Motions on the ps-ns time-scale, as well as amide hydrogen-exchange on the 10 ms time-scale provide strong evidence that helix I, but not helix II interacts with the micelle surface. Based on the R 1 and R 2 relaxation behavior, helix II may also undergo conformational exchange on the s-ms time-scale.
Helix I as a Nucleation Site for trans-SNARE Complex Formation?
The existence of nascent helix I before synaptobrevin forms a complex with t-SNAREs may have significant biological consequences. It is generally accepted that SNAREs zipper from the N-toward the C-terminal ends and that this folding reaction drives membrane fusion (26) (27) (28) (29) . In accordance with this notion, the N-terminal SNARE motif helix I of synaptobrevin observed here may serve as a nucleation site for trans-SNARE complex formation. A preformed helix in this region would provide a mechanism to (a) speed up the process of forming the initial trans-SNARE complex and (b) increase the fidelity of starting SNARE complex folding at the N-terminal rather than the C-terminal end. In general, folding can be induced by binding or assembly might occur by conformational selection or some combination of the two (30) . An example of conformational selection has been described in detail for the folding of the GCN4 leucine zipper coiled coil (31) . If SNARE complex folding follows the model of GCN4 coiled coil folding, a preformed N-terminal helix would be kinetically advantageous.
Since the C-terminal portion of the synaptobrevin SNARE motif has a lower propensity to form an ␣-helix and, by inference, to pair with t-SNARE helices, zipper-folding of the trans-SNARE complex may transiently stop or be slowed down when it reaches this region of the protein. Thus, the C-terminal portion of the SNARE motif may serve as a ''stop-folding'' signal. This folding-arrested trans-SNARE complex may be present at the docked, but not yet fused stage of the overall reaction. An additional trigger, perhaps provided by synaptotagmin (un)binding and/or complexin dissociation, may push complex formation over the final energy barrier to proceed to completion and ultimately to membrane fusion. This model is in fact very similar to, and supports a model recently proposed for the function of complexin as a mediator of two-stage SNARE complex folding (32, 33) .
Further support for this model comes from folding studies, in which the assembly and disassembly of SNARE complexes with synaptobrevin fragments of different lengths was investigated (28) . In these studies, SNARE complexes with Syb25-96, Syb35-96, Syb42-96, Syb49-96, or Syb60-96 were formed and then challenged with Syb1-96. Interestingly, Syb1-96 could not replace peptides covering the N-terminal portion of helix I (Syb25-96 and Syb35-96) in the complex, but was able to exchange peptides that covered the more C-terminal portions of the SNARE motif (Syb42-96, Syb49-96, and Syb60-96). These studies and a subsequent detailed thermodynamic analysis of the interaction of various SNARE fragments (34) strongly indicate that the N-terminal portion of the sequence (helix I) contributes more to the stability of the complex than the C-terminal portions of the SNARE complex, again supporting the nucleation-propagation model of SNARE complex folding. Electrophysiological experiments using progressive SNARE layer mutants of SNAP-25 also favor a twostage model implying separate nucleation and propagation phases of the folding reaction (29) .
A structure-function study of a SNARE complex with a single site mutation near the C-terminal end of the syntaxin SNARE motif is also consistent with a lower stability and folding rate of the C-terminal compared to the N-terminal end of SNARE complex formation (35) . The layer ϩ7 T254I mutation enhances constitutive and evoked fusion and also changes the structure to one that is more similar to SNARE complexes associated with constitutive fusion.
Helix II as a Coupler of trans-to cis-SNARE Complex Conversion and
Membrane Merger? Nascent helix II extends from the last SNARE motif layer ϩ8 to the juxtamembrane domain of uncomplexed synaptobrevin. Down-stream from the above mentioned ''stopfolding'' signal, this helix may well transmit force from SNARE complex folding into the membrane and thus coerce the two membranes to fuse once the folding signal arrives at this stage. The subsequent 4-residue linker comprises two Trps, one Lys, and one Asn. Tryptophans are known to have a strong affinity (approximately 2 kcal/mol/residue) for membrane interfaces, which is further amplified when they occur in pairs or in tandem with other aromatic residues (36) . Lysines also have a relatively long aliphatic chain before the terminal amino group and therefore can be buried quite deep in a membrane interface. Thus, this very short flexible linker region appears to be ideally designed to convert a trans-SNARE into a cis-SNARE complex, which must be coupled with merging the two membranes because the TM domains of synaptobrevin and syntaxin reside in the same membrane in the postfusion cis-SNARE complex. Flexibility is needed to tilt and accommodate the folding of the trans-SNARE complex between the two approaching membranes and shortness is needed for efficient coupling between folding and membrane merger, possibly by injecting the linker Trp residues into the adjacent membrane. Trp-89 and Trp-90 have been claimed by some investigators to regulate SNARE assembly in membranes (9) , but this notion is controversial (37) .
Deletion or insertion of a small number of residues including insertion of two helix-breaking prolines in the juxtamembrane region has little or no effect on SNARE-mediated fusion, but insertion of longer flexible linkers has progressively inhibitory effects on SNARE-mediated liposome fusion in vitro (37, 38) . However, quite mild and short (39) , as well as more dramatic long insertions (40) have significant effects on Ca 2ϩ -evoked exocytosis in cellular settings. The study by Kesavan et al. (39) clearly shows that Ca 2ϩ sensitivity is not affected by the specifics of the juxtamembrane linker region, but that down-stream fusion pore initiation and expansion on the millisecond timescale critically depends on it. This suggests that membrane proximity of the SNARE motif and rapid propagation of SNARE folding through the juxtamembrane region is more critical for fast millisecond time scale fusion than it is for slow fusion that is typical in in vitro liposome fusion assays. Fast in vitro fusion assays, such as one recently developed in our laboratory (41) should shed more light on this possibility and should help reconcile the mentioned discrepancies on the mechanistic role of the linker region.
Very recently, the structure of the full-length SNARE complex including the TM domains of syntaxin and synaptobrevin was solved (3). Most interestingly, the SNARE motif helical bundle of syntaxin and synaptobrevin continues uninterrupted into the helical TM regions of these two proteins. Apparently, the transition from the pre-to the postfusion structure involves helical folding of the last four residues between the SNARE motif and TM domain of synaptobrevin. Therefore, this final folding step appears to be the major link between SNARE zippering and membrane fusion. It will be interesting to see if syntaxin in its uncomplexed form or complexed with SNAP-25 only also has a flexible linker that is as short as that of synaptobrevin. If so, this would provide an efficient mechanical device to couple SNARE complex folding with the unification of two initially separate membranes.
Materials and Methods
Expression and purification of Syb(1-116) and Syb(1-96) from Rattus norvegicus were performed as described in refs. 42 and 43. The final optimized NMR samples of Syb(1-116) were prepared from 13 C and 15 N-labeled proteins containing 200 mM dodecylphosphocholine (DPC), 150 mM NaCl, 5 mM DTT, 1 mM EDTA, 5% D 2O, and 20 mM Mes, pH 6.0. For the backbone and side-chain resonance assignments, a total of 10 different types of 3-D experiments were collected at 45°C on 600 or 800 MHz spectrometers. 15 N-edited NOESY spectra with a mixing time of 120 ms, heteronuclear { 1 H}-15 N NOE, 15 N-T1, and T2 measurements, and water-amide proton exchange experiments were collected at 800 MHz. All spectra were processed and analyzed with NMRPipe (44) and Sparky (45) . Indirect dimensions in the 3-D experiments were processed with forward-backward linear prediction. For structural calculations, dihedral angle restraints predicted from the TALOS program (46) , NOE distances from NOESY experiments, and alphahelical backbone hydrogen bonds were used as inputs in the program Xplor-NIH (47 15 N and 13 C sources. Syb(1-96) was purified without the presence of detergent, whereas Syb(1-116) was purified in the presence of 1% sodium cholate. The shorter membrane-bound fragment Syb(60-116) was produced from Syb(1-116) by proteolytic cleavage with botulinum neurotoxin D as described in ref. 3 . Fig.  S7 demonstrates protein purity.
For proteins with TM domains [i.e., Syb(1-116) and Syb(60-116)], detergent exchange was carried out on the Ni affinity column to replace sodium cholate with dodecylphosphocholine (DPC). The final NMR samples contained 1 mM protein and 200 mM DPC in 20 mM Mes, pH 6.0 buffer with 150 mM NaCl, 5 mM DTT, and 1 mM EDTA. These samples were stable for extended periods of time at measuring temperatures of 45°C. Since soluble Syb(1-96) was prone to aggregation at high concentration and elevated temperatures, protein concentrations were limited to 0.2 mM in 60 mM phosphate, pH 6.1 buffer with 300 mM NaCl, 5 mM DTT, and 1 mM EDTA and subsequent NMR experiments were performed at 18°C. Long exposures to higher temperatures lead to irreversible protein aggregation. The Syb(1-96)/DPC sample was made by direct addition of an appropriate amount of DPC powder to the aqueous Syb(1-96) sample. The final sample containing 0.5 mM protein and 300 mM DPC was stable in the 60 mM phosphate, pH 6.1 buffer with 300 mM NaCl, 5 mM DTT, and 1 mM EDTA when measured at 45°C.
Sample Optimization for NMR Spectroscopy. Based on earlier NMR studies of Syb(1-96) in solution and anticipated experimental challenges with the small dispersion of a partially unfolded integral membrane protein in large DPC micelles, we first studied the shorter membrane-bound fragment Syb(60-116). HSQC and selected backbone triple-resonance spectra were recorded with samples at different protein:lipid ratios and temperatures ranging from 25 to 50°C. Ultimately, we found that a protein:lipid ratio of 1:200 and a recording temperature of 45°C gave the best resolved spectra while keeping the sample stable for extended measurement times. TROSY was not beneficial for this partially flexible protein. Several resonances gradually disappeared when the temperature was lowered, presumably due to slow conformational exchange. A fully assigned 15 N-1 H HSQC spectrum of Syb(60-116) in DPC micelles and recorded at 45°C is shown in Fig. S1 . (11)] were collected on a Bruker Avance 800 MHz spectrometer. Some HSQC and triple-resonance spectra of Syb(60-116) were collected on a Bruker Avance 600 MHz spectrometer. All three spectrometers were equipped with cryoprobes. 15 N-edited NOESY spectra with a mixing time of 120 ms and heteronuclear { 1 H}-15 N NOE, 15 N-T 1 , and T 2 measurements (12) were collected at 800 MHz. A 5 s saturation delay was used in the heteronuclear NOE experiment. Relaxation delay times of 10, 60, 120, 220, 400, 500, 1000, and 2000 ms and 20, 40, 80, 100, 150, 200, 300, and 400 ms were used in the T 1 and T 2 experiments, respectively. Water-amide proton exchange experiments were performed using the CLEANEX-PM pulse sequence (13) with exchange delays of 5, 10, 20, 40, 80, and 160 ms. All spectra were processed and analyzed with NMRPipe (14) and Sparky (15) . Indirect dimensions in the 3-D experiments were processed with forward-backward linear prediction. 
. The Membrane Protein Explorer (http:// blanco.biomol.uci.edu/mpex) was used to assess the hydropathy and amphipathic nature of synaptobrevin. The octanol scale and a 15-residue sliding window were used for hydrophobic moment calculation. (1-116) . Dihedral angle restraints were predicted from the TALOS program (17) based on the experimental C␣, C␤, CO, N, and H␣ chemical shift inputs. NOE distances extracted and calibrated from 15 N-edited NOESY spectra with the PASD (18) routine in Xplor-NIH (19) were used for structure calculation. All NOE assignments were manually checked. An HNHA experiment was performed to measure 3 J HN and 3 J H␣ couplings in hopes of obtaining additional dihedral angle restraints. However, although reduced in the helical regions, the J-coupling constants could not be precisely measured due to spectral overlap, which precluded their use in structure calculations. Alpha-helical backbone hydrogen bond distance restraints were used for residues 42-49 and 94-115 because chemical shifts, NOE's, and a lack of amide hydrogen-exchange indicated stable ␣-helices in these regions. One hundred structures were calculated in Xplor-NIH. The final 20 structures were selected based on the lowest NOE and dihedral angle violations and covalent energies. The Ramachandran plot statistics yielded: most favored, 78.0%; allowed, 13.5%; generously allowed, 6.1%; disallowed, 2.4%. (7), and immobilized metal affinity chromatography or ion exchange chromatography purified Syb(60 -116) (8 and 9). Overloaded lanes (5 and 9) confirm high purity of preparations. Table S1 . NMR and refinement statistics for the synaptobrevin(1-116) structures
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